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Abstract We present proof-of-concept measurements of the vortex line den-
sity generated by a quartz tuning fork resonator probed by the attenuation
of second sound in superuid 4He at 1.6K. The force-velocity response of a
quartz tuning fork operating at a frequency of 31 kHz exhibited the onset
of extra damping at a velocity of 0.5ms 1. Attenuation of the 5th resonant
mode of second sound was observed at the same velocity, indicating the pro-
duction of vortex lines. Our measurements demonstrate that an increase of
the drag coecient corresponds to the development of quantum turbulence.
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1 Introduction
During the last decade, quartz tuning forks have been employed for turbu-
lence production in superuids and exhibit a clear critical velocity that can
be determined from the measurement of the drag force as a function of veloc-
ity [1]. The frequency dependence of this critical velocity is consistent with
the square root dependence which can be expected both in classical [2] and
quantum [3] turbulence.
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2Fig. 1 (Color online) Left: Outline of the experimental setup and principal mea-
surement scheme. Right: Photograph of the experimental cell showing the positions
of the second sound sensors (SS) and the tuning fork (TF).
In this paper, we present the rst measurements demonstrating that the
extra damping experienced by a tuning fork above the critical velocity coin-
cides with the production of quantum vorticity. We have used the well estab-
lished technique of second sound attenuation [4,5] to determine the amount
of vorticity produced around an oscillating tuning fork at a temperature of
1.6K, which was chosen purposefully to take advantage of the plateau in the
temperature dependence of the second sound velocity [6,7].
2 Experimental Setup
Our experimental cell, shown in Figure 1, contains a cylindrical second sound
resonator cavity of diameter 10mm and height 54mm. Two second sound
devices are placed at both ends of the cavity and a tuning fork is mounted
in its centre. A 1mm diameter hole, drilled through the cell body, provides
access for helium to the resonator cavity. The entire cell was submerged in
a helium bath, which was pumped on to achieve low temperatures. During
the measurements, the temperature was inferred from the vapour pressure of
the helium bath [8].
We used an untrimmed 31 kHz quartz tuning fork in our study. The fork
is of moderate size of length L = 357615m, tine thickness T = 5783m
and widthW = 2503m (measured with respect to the direction of oscilla-
tion [9]). The fork is driven by a voltage, V from a function generator which
is amplied to achieve the highest velocities by a transformer with a voltage
ratio of 6.6 at the fork resonance frequency. The transformer's output was
constantly monitored by a Keithley Model 2000 digital multimeter. The cur-
rent generated by the tuning fork, I was measured using an IV-converter [10]
with a gain of 103 V/A and a SR-844 lock-in amplier.
The driving force applied to the fork is given by F = aV=2, and the
velocity of the top of the tines is v = I=a, where a is the experimentally






Here, me is the eective mass of the fork and f2 is the measured width
of the resonance. The eective mass of the tuning fork is given by me =
TWLq=4, where q = 2650 kgm
 3 is the density of the fork material, quartz [11].
For our quartz tuning fork, the experimental fork constant is a = 8:75 
10 6 Cm 1.
Second sound was produced and detected by two identical devices. The
active part of the second sound device was made from a semi-permeable Nu-
clepore membrane with sub-micron pores and a 100 nm layer of gold evap-
orated on one of its sides [4]. The gold-plated side of each membrane was
electrically connected to the cell body, which was biased by a DC voltage
of 90V with respect to the brass electrode placed on the membrane's non-
conducting side.
A function generator was used to excite second sound on one side of the
cell whilst the current produced by the sensor on the other side was measured
by a lock-in amplier in current mode.
The exact determination of the vortex line density in this case is com-
plicated due to the presumably non-homogeneous structure of the produced
vortex tangle. Nevertheless, it has recently been shown that when using res-
onance modes of suciently high mode number, the quantity measured by
second sound attenuation (and calculated by the standard formula applica-
ble to a homogeneous tangle) approaches the mean vortex line density in the
studied volume [12]. Therefore, we used the 5th harmonic mode during our










where f0 and A0 are the width and amplitude of the unattenuated second
sound resonance, A(v) is the attenuated amplitude for fork velocity v,  is
the quantum of circulation and B is the mutual friction coecient [8]. One
should note that this approach will likely yield values systematically shifted
from the real ones by some multiplication factor, but since we are interested
mainly in relative changes of the vortex line density, this is of no consequence
to our interpretation.
3 Results and Discussion
Figure 2 shows the variation of the tuning fork peak velocity as a function
of applied force in helium at 1.6K. Each point presented on this graph was
obtained by measuring a frequency sweep at a constant drive. The inserts
demonstrate that at low fork velocities, the resonant line-shape was symmet-
rical and Lorentzian, whereas at high drives, they remain fairly symmetrical,
but become non-Lorentzian due to non-linear damping. The observed force{
velocity dependence is consistent with previous measurements and shows that
4Fig. 2 (Color online) Force{velocity curve for the quartz tuning fork at 1.6K.
Inserts show frequency sweeps at high and low drives. We note that the electrome-
chanically obtained tuning fork velocity agrees within 10% of direct optical mea-
surements [13].
at low velocities, the fork exhibits linear damping. Above a certain critical
velocity, the damping has a quadratic dependence on tuning fork velocity.
The solid and dashed lines in Figure 2 correspond to linear and quadratic
dependencies of force as a function of velocity, respectively.
The linear damping term comprises of contributions from the intrinsic
fork damping, which is usually negligible, viscous hydrodynamic damping
and acoustic damping [14]. The temperature dependence of the linear damp-
ing measured between 4.2 and 1.6K suggests that the acoustic damping con-
tribution is comparable to the hydrodynamic damping at low velocities for
this particular fork.
At fork velocities above critical, the extra non-linear damping is caused
by the production of turbulence. At T = 1:6K, turbulence can be produced
both in the normal and superuid components. If a suciently dense tangle
of quantised vortices exists, it is expected that turbulence in both compo-
nents will be locked via mutual friction and will exhibit classical-like be-
haviour [15]. The onset of non-linear damping takes place approximately at
a fork peak velocity of 0:5  0:1ms 1, which is higher than expected for
turbulence nucleation at 31 kHz [3]. We believe that this can be understood
in the following manner: For given experimental conditions, the transition
to turbulence occurs at a given critical velocity, however, we observe it only
when the non-linear drag force becomes comparable in magnitude to the lin-
ear one. Thus, if acoustic damping acting on our fork were negligible [14,16],
the overall linear damping would be notably lower, and the non-linear drag
5Fig. 3 (Color online) Second sound frequency sweeps of the 5th second sound mode
at various tuning fork velocities. Note that the change in the resonance frequency
is caused by the change in the second sound velocity due to the temperature drift
of a few millikelvin and is not due to increased damping.
would become apparent (comparable to the linear one) at the true critical
velocity, lower than the one we have observed.
The second sound amplitude was measured by continuously sweeping
across the resonance whilst the fork was driven at a constant drive (velocity)
and frequency.
Figure 3 shows second sound frequency sweeps at various tuning fork
velocities. The variation of the second sound amplitude with the tuning fork's
velocity is apparent; the larger the fork velocity, the more second sound is
attenuated, indicating that the tuning fork generates an increasing amount of
quantised vortex lines which scatter the thermal excitations comprising the
normal component. Low velocity data in Figure 3 shows that the baseline may
drift, therefore complete frequency sweeps are required to obtain accurate
attenuation of the second sound.
Figure 4 summarises the results of both measurement techniques and
shows the dependence of the vortex line density (top) and drag coecient
(bottom) as a function of tuning fork velocity. The vortex line density was in-
ferred using Eq. 2, by setting A0 = 0.4402mV,f0 = 5.3658Hz and B(1.6K)





where A = WL is the cross-sectional area of the fork perpendicular to the
direction of motion and He is the density of helium.
It is clear from Figure 4 that the onset of vortex production coincides
with the onset of non-linear drag experienced by the tuning fork, and that
6Fig. 4 (Color online) Top: Vortex line density inferred from the second sound
attenuation as a function of tuning fork velocity. Bottom: Drag coecient experi-
enced by the tuning fork versus tuning fork velocity. The dashed line is a guide for
the eye and the shaded area highlights the laminar regime. For details, see text.
both are clearly related. However, it is dicult to deduce from the current
measurements whether the observed critical velocity coincides with the rst
instabilities in the normal component or with the formation of quantised vor-
tices in the superuid components or whether one of them becomes turbulent
before the other.
4 Conclusions
For the rst time, we have demonstrated that the well-established second
sound attenuation technique can be used to quantify the vortex line density
generated by an oscillator in superuid helium-4. The average vortex line
density created by the vibrations of a 31 kHz quartz tuning fork resonator at
a temperature of 1.6K has been measured using second sound attenuation,
while simultaneously monitoring the drag force acting on the tuning fork.
The force-velocity response of the tuning fork exhibits the onset of ex-
cess damping at a velocity of approximately 0.5ms 1. Attenuation of the 5th
resonant mode of second sound is observed above a comparable velocity, in-
dicating that the production of quantised vortices can be directly related to
the onset of excess damping. Our measurements clearly demonstrate that an
increase of the drag coecient corresponds to the development of quantum
turbulence. These results represent a feasibility study and form the founda-
7tion for systematic studies into the instabilities of oscillatory superuid ows
throughout the two-uid regime.
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